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ABSTRACT: The perturbation of a cloud layer by ship-generated aerosol changes the cloud reflec-
tivity and is identified by elongated structures in satellite images, known as ship tracks. As ship 
tracks indicate a pollution of the clean marine environment and also affect the radiation budget be-
low and above the cloud, it is important to investigate their radiative and climate impact. In this 
study we use satellite data to examine the effects of ship tracks on a particular scene as well as on 
the global scale. The cloud optical and microphysical properties are derived using a semi-analytical 
retrieval technique combined with a look-up-table approach. Within the ship tracks a significant 
change in the droplet number concentration, the effective radius and the optical thickness are found 
compared to the unaffected cloud. The resulting cloud properties are used to calculate the radiation 
budget below and above the cloud. Local impacts are shown for a selected scene from MODIS on 
Terra. The mean reflectance at top of atmosphere (TOA) is increased by 40.8 Wm-2. For a particular 
scene chosen close to the West Coast of North America on 10th February 2003, ship emissions in-
crease the backscattered solar radiation at TOA by 2.0Wm-2, corresponding to a negative radiative 
forcing (RF). A global distribution of ship tracks derived from one year of AATSR data shows high 
spatial and temporal variability with highest occurrence of ship tracks westward of North America 
and the southwest coast of Africa, but small RF on the global scale. 
1 INTRODUCTION 
Emissions from ships significantly contribute to the total budget of anthropogenic emissions. The 
principal exhaust gas emissions from ships include CO2, NOx, SOx, CO, hydrocarbons, and particu-
late matter (Eyring et al., 2005). Compared to other transport modes, the sulphur content of the fuel 
burned in marine diesel engines and the total amount of SOx emissions is high. The average sulphur 
fuel content of today’s world-merchant shipping fleet is 2.4% resulting into a large amount of SO2 
and particulate matter emission totals (EPA, 2000). 
The SO2 and particle emissions from ships change the physical properties of low clouds. This is 
the so-called indirect aerosol-effect, which has been observed in satellite data in many studies (e.g., 
Conover, 1966; Twomey et al., 1968; Radke et al., 1989). The natural number of cloud condensa-
tion nuclei is limited and reflected in larger droplets and a smaller droplet number concentration in 
low-level stratiform clouds over the ocean compared to continental clouds. In case of injection of 
additional aerosols, the changes of the aerosol concentration and amount result in a change in the 
droplet number concentration within the cloud (Facchini et al., 1999), depending on the solubility 
and size of the injected aerosol particles. Particles and their precursors from ship emissions are able 
to act as cloud condensation nuclei (CCN) in the water vapour saturated environment of the mari-
time cloud or can change the surface tension due to the solubility. Especially the high sulphur con-
tent of the fuel may be an important factor for the modification of clouds, because the resulting SOx 
is able to act as CCN. Amount and size of these particles depends on the fuel and also the kind of 
combustion, but can possibly result in a higher droplet concentration (Twomey et al., 1968; 
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Twomey, 1974) and consequently in a change of reflectivity of the maritime cloud. The increased 
reflectivity is even higher in the near infrared, because here, the ratio of absorption to scattering is 
strongly depending on the droplet size (Coakley et al., 1987; Kokhanovsky et al., 2004). In this 
study the modification of clouds and the influence of the ship exhaust on the radiation budget of a 
given scene are examined. Full details can be found in Schreier et al. (2006) and only a brief sum-
mary is presented here. Satellite data are also used to retrieve cloud properties and their modifica-
tions due to ship emissions on the global scale. 
2 METHODS 
2.1 Cloud properties retrieval 
A new algorithm has been developed that combines the semi-analytical cloud retrieval algorithm 
SACURA (Kokhanovsky et al., 2003) and look-up-tables (LUTs) for thin clouds calculated with the 
libRadtran radiative transfer package (Mayer and Kylling, 2005). An advantage of the new algo-
rithm is that it can be applied to different satellite instruments with channels in the near infrared 
(e.g. Terra-MODIS, AATSR). 
The optical and microphysical parameters of the cloud were derived from the 0.9 μm and 1.6 μm 
channels for MODIS and AATSR. 1.6 μm was selected because the smaller absorption of liquid 
water enables more accurate results for the SACURA-retrieval. The two cloud retrieval algorithms - 
SACURA and LUTs - are different, but both derive the cloud optical thickness and also the effec-
tive radius reff, defined by the ratio of the third to second moment of the particle size distribution 
and therefore indicating a change of the ratio of volume to surface in the particle size distribution. 
The columnar droplet number concentration for both retrievals is calculated via effective radius 
and cloud optical thickness by assuming a gamma droplet size distribution with a coefficient of 
variance of 0.37. Calculations of droplets per volume (N) were performed using a hypothetical ver-
tical homogeneous cloud of a thickness 500 m, which is a reasonable value for low marine strati-
form clouds. 
2.2 Estimating impact on the radiation field 
The derived optical parameters were used to estimate changes in solar radiation for the areas below 
and above the cloud as well as the thermal outgoing radiation by radiative transfer calculations. Op-
tical thickness and the effective radius have been applied to create look-up-tables for the solar flux 
via the radiative transfer code libRadtran (Mayer and Kylling, 2005), by using the built in k-
distribution by Kato et al. (1999) to calculate integrated solar irradiance with the solver disort2 
(Stamnes et al., 1988) for the wavelength range of 0.24 μm to 4.6 μm. The down-welling irradiance 
at the surface and the up-welling flux at TOA were calculated for the mid-latitude winter atmos-
phere. The different distributions of cloud optical properties were considered by using these look-
up-tables to calculate the solar flux for every pixel and taking into account the local solar zenith an-
gle. The cloud top height was chosen to be 1000 m and the cloud-bottom height was 500 m. The op-
tical properties of the clouds were calculated according to Mie theory. The mean values for all low-
cloud-pixels, ship-track-pixels and no-track-pixels were determined, to estimate the impact of ship 
tracks on both, the solar radiation at the surface and the backscattered radiation at TOA. 
3 ANALYSIS OF SHIP A TRACK SCENE 
A particular and adequate satellite scene from Terra-MODIS (King et al., 1995) was selected to 
show local impacts. The scene from 10th February 2003, close to the West Coast of North America 
(153°W to 120°W and 40° N to 60° N), exhibits a number of anomalous cloud lines in the strati-
form clouds over the ocean. 
3.1 Cloud properties 
The cloud retrieval algorithm (section 2) was used to calculate optical and microphysical parame-
ters of low clouds (Fig. 1). A significant decrease of the average effective radius from 12 μm to 6 
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μm is visible across the ship-track-pixels (Fig. 1a). The optical thickness of unpolluted clouds is 
about 20 to 30 and is increasing in the track up to 45 and higher (Fig. 1b). Also the change in the 
droplet number concentration from around 100 cm−3 up to 800 cm−3 is substantial (Fig. 1c). Table 1 
summarizes the mean values of the various parameters for all low-cloud-pixels, ship-track-pixels 
and no-ship-track-pixels. The decrease in the effective radius from 13.2 to 10.1 μm for the area is 
evident and also an increase in cloud optical thickness from 20.7 up to 34.6 is observed. There is 
also an obvious increase of droplet number concentration from 79 to 210 cm-3. 
Table 1. Mean values of cloud parameters for all low-cloud-pixels, ship-track-pixels and no-ship-track-pixels.. 
 Low-cloud-pixels No-ship-track-pixels Ship-track-pixels 
Effective radius (µm) 13.0 13.2 10.1 
Optical thickness 21.4 20.7 34.6 
Droplet number (cm-3) 85 79 210 
Figure 1: Effective radius (a), cloud optical thickness (b) and concentration of particles (c) (cm−3) derived 
from the MODIS channels 2 and 6 for the analysed scene. From Schreier et al. (2006). 
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3.2 Radiative Effects 
To separate the impact of changes in cloud parameters from ship tracks on the radiation field with-
out the uncertainties represented by the solar zenith angle variations, radiative transfer calculations 
were performed assuming a mean solar zenith angle of 63° for all pixels. The calculated values now 
only depend on the cloud optical properties, as the influence of a varying solar zenith angle has 
been eliminated. 
Assuming a constant solar zenith angle, at TOA, ship-track-pixels reflect 40.8Wm−2 more than 
the no-ship-track-pixels. The amount of ship-track-pixels in the scene is 6.7%. The net radiative ef-
fect of the change in cloud properties due to ships for the particular scene is estimated by calculat-
ing the difference of the absolute radiation values between all low-cloud-pixels (Elow−cloud) and the 
no-ship-track-pixels (Eno−ship−track). According to these values, the solar radiation at the surface is re-
duced on average by 2.1Wm−2 by the ship emissions and additional 2.0Wm−2 are reflected back at 
TOA.  
4 GLOBAL DISTRIBUTION OF SHIP TRACKS 
The global distribution of ship tracks is derived from data of the AATSR (Advanced Along Track 
Scanning Radiometer) instrument aboard the European ENVISAT satellite for the year 2004. 
To select scenes dominated by low clouds over ocean, we applied the following criteria: (1) ex-
cluding clouds over land via the terrain height, (2) distinguish between ocean and clouds by the re-
flectance of a channel in the short wavelength and (3) estimation of cloud top height with the help 
of the 11µm channel. The remaining scenes include ‘very low clouds’, which were further exam-
ined and the scenes that included ship tracks were used to estimate the global coverage of ship 
tracks with a resolution similar to the International Cloud and Climate Project was calculated. 
The results show highest occurrence of ship-tracks over the Northern Pacific and the Northern 
Atlantic (up to 0.2%). A comparable high amount of ship-tracks is also found at the Western Coast 
of Africa and in the Northern Atlantic. In addition to large regional variations, large seasonal varia-
tions have been found, with most ship-tracks occurring in springtime and in summer, and only few 
in wintertime and autumn. 
Calculation of the increased backscattering compared to the surrounding for fixed solar zenith 
angle show most values are around 40Wm-2. This indicates an increased cooling of the atmosphere 
on regional scale. On global scale, the estimations for radiative forcings show values smaller than -
1 mWm-2, which is small compared to other radiative forcings. 
5 CONCLUSIONS 
On the basis of a particular satellite scene it has been shown that ship emissions modify existing 
clouds on a regional scale by decreasing the effective radius, while they increase droplet concentra-
tion and optical thickness (Schreier et al., 2006). The results agree with the theory and experiment 
(Öström et al., 2000; Hobbs et al., 2000): Low clouds of the maritime boundary layer have less 
cloud condensation nuclei than clouds over land; in consequence, this results in larger droplet radii 
for similar water content and dispersion of droplet size distributions. Injection of aerosols and their 
pre-cursors by ships results in more CCNs causing the mean droplet radius to decrease and the 
droplet number concentration to increase. The derived parameters were used to calculate changes in 
the radiative energy budget below and above the cloud. The mean values show an increase of 
40.8Wm-2 at TOA. If the whole low-cloud area with 6.7% ship-track-pixels is taken into account, an 
increase of 2.0Wm-2 in backscattered solar radiation was found, when assuming a constant solar ze-
nith angle of 63° for the scene. Full details of this study can be found in Schreier et al. (2006). 
The global distribution of ship tracks shows high occurrence over the Northern Pacific and the 
West Coast of Africa. A first estimate of the global impact of ship tracks result in only small radia-
tive forcings compared to other ship-induced RFs. However, due to large seasonal and spatial varia-
tions ship tracks can impact the climate locally.  
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